Inclusion of oligodendroglial tumors may confound the utility of MR based glioma grading. Our aim was, first, to assess retrospectively whether a histogram-analysis method of MR perfusion images may both grade gliomas and differentiate between low-grade oligodendroglial tumors with or without loss of heterozygosity (LOH) on 1p/19q and, second, to assess retrospectively whether low-grade oligodendroglial subtypes can be identified in a population of patients with high-grade and low-grade astrocytic and oligodendroglial tumors.
M
R imaging is the technique of choice to characterize brain tumor malignancy before treatment, with dynamic susceptibility contrast perfusion imaging as a widely used imaging technique for tumor grading. [1] [2] [3] [4] [5] [6] [7] [8] Using the WHO histopathologic criteria, 9 we refer to glioma grades I-II to as low-grade gliomas (LGGs), whereas grades III-IV are referred to as high-grade gliomas (HGGs). Differentiation of HGGs from LGGs by MR imaging is based on the higher relative cerebral blood volume (rCBV) values of HGGs compared with
LGGs. Image-based glioma grading is currently performed by assessing the maximal ratio between a rCBV area within the glioma and an unaffected contralateral rCBV value (rCBV max , "hot-spot" method). A well-known problem with this method is that most oligodendroglial tumors (oligodendrogliomas or oligoastrocytomas) exhibit higher rCBV max values than astrocytomas irrespective of glioma grade. 1, 7 A reason for this might be that most oligodendroglial tumors are located in cortical areas and have direct involvement with gray matter. 10 Also, it has been suggested that the degree of oligodendroglial vascularity is associated with loss of heterozygosity (LOH) on the short arm of chromosome 1 (1p) and the long arm of chromosome 19 (19q) , seen in 40%-90% of oligodendroglial tumors. 11, 12 Most (ϳ90%) oligodendroglial tumors with LOH on 1p/19q are known to have "classic histopathologic" features. 13 An oligodendroglial tumor can be defined as having classic histopathologic features if Ͼ50% of the tumor area exhibits uniform round nuclei with perinuclear halos. 12, 14 Such tumors often have an attenuated network of branching capillaries resembling a "chicken wire" pattern. 12 Recent studies have reported that rCBV max measurements by using the hot-spot method might be predictive of 1p/19q status, showing that oligodendroglial tumors with LOH on 1p/19q have significantly higher rCBV max values than oligodendroglial tumors without LOH on 1p/19q. 15, 16 However, on the basis of the rCBV max values, there was no significant difference between HGGs and LGGs in either study. Because oligodendroglial tumors constitute ϳ10% of all diffuse gliomas (astrocytic and oligodendroglial tumors), 11, 17, 18 it would represent a major limitation to the hot-spot method if these tumors had to be characterized by other diagnostic techniques. Little focus has been placed on whether the distribution of rCBV values in low-grade oligodendroglial tumors is more homogeneous than that in HGGs, irrespective of genotype. If so, a more rigorous grading method based on histogram analysis 19, 20 might differentiate between oligodendroglial subtypes without losing the ability to differentiate between HGGs and
LGGs.
Patients diagnosed with low-grade oligodendroglial tumors with LOH on 1p/19q have been shown to respond more favorably to treatment and have prolonged survival rates compared with patients without this genotype. 21, 22 Hence, patients diagnosed with low-grade oligodendroglial tumors without LOH on 1p/19q are expected to have a reduced response to treatment and may, therefore, require a more aggressive treatment plan. To date, few studies have identified clear correlations between oligodendroglial subtype, tumor growth, and conventional MR imaging features. One study reported, however, that oligodendroglial tumors with indistinct/irregular borders, as seen on conventional MR images, were more likely to have LOH on 1p/19q compared with tumors with sharp/ smooth borders. 23 Unfortunately, these findings were not related to glioma grade. Although perfusion MR imaging is considered a good technique for grading gliomas, little focus has been placed on whether perfusion MR imaging can identify low-grade oligodendroglial subtypes in a population of patients with astrocytic and oligodendroglial tumors.
In view of the above, the purpose of our study was twofold: first, to assess retrospectively whether a histogram analysis method of perfusion MR images may both grade gliomas and differentiate between low-grade oligodendroglial tumors with or without LOH on 1p/19q; and, second, to assess retrospectively whether low-grade oligodendroglial subtypes can be identified in a population of patients with high-grade and lowgrade astrocytic and oligodendroglial tumors.
Materials and Methods

Patient Selection
Study approval was obtained from the Regional Medical Ethics Committee, and patients were included only if informed consent was signed. Between June 2005 and June 2007, 52 patients (23 women, 29 men; mean age, 52 years; range, 19 -78 years) met the inclusion criteria of a newly diagnosed glioma after perfusion MR imaging and subsequent surgery (resection or biopsy). The histologic evaluation was based on the WHO classification. 9 Grade I pilocytic astrocytomas
were not included because they have been shown to confound the utility of the rCBV measurements. 7, 10 All histologic sections from the oligodendroglial tumors were re-examined by 2 neuropathologists to establish a consensus regarding the presence or absence of classic oligodendroglial histology (yes/no). "Classic histology" was defined as the presence of tumor cells with round nuclei and perinuclear halos in Ͼ50% of the tumor area.
12,14
Observers
All measurements were performed independently by 4 neuroradiologists with 4 -5 years of experience with brain tumor perfusion MR imaging. The observers were blinded to the histopathologic diagnosis and patient-related information.
MR Imaging and Postprocessing
Imaging was performed at 1.5T (Sonata, Symphony, or Avanto; Siemens, Erlangen, Germany), by using an 8-channel-(Symphony/Sonata) or a 12-channel (Avanto) head coil. The protocol included an axial T2-weighted fast spin-echo sequence (TR/TE, 4000/104 ms) and an axial T1-weighted spin-echo sequence (TR/TE, 500/7.7 ms) obtained before and after intravenous contrast-agent injection. injected at a rate of 5 mL/s, immediately followed by a 20-mL bolus of saline (NatriumKlorid [9 mg/ml]; B. Braun Melsungen, Melsungen, Germany) also at 5 mL/s. The images were postprocessed by using a dedicated software package (nordicICE; NordicImagingLab, Bergen, Norway) and Matlab R2007a (MathWorks, Natick, Mass). The rCBV maps were generated by using established tracer kinetic models applied to the firstpass data. 24, 25 The dynamic curves were mathematically corrected to reduce contrast-agent leakage effects. 26 On a pixel-by-pixel basis, the rCBV maps were normalized by dividing every rCBV value in a specific section with an unaffected white matter rCBV value defined by a neuroradiologist. 27 The final rCBV maps were automatically coregistered with the conventional MR images by using a normalized mutual-information algorithm in statistical parametric mapping (SPM5, Matlab).
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Molecular Genetics
Only patients with oligodendroglial tumors were tested for LOH status. Examination of LOH status in astrocytic tumors is not routinely performed in our hospital. Assessment of LOH status was performed after the histopathologic diagnosis was made and analyzed by polymerase chain reaction (PCR) by using at least 4 of 6 microsatellite markers on 1p35-36 (D1S2660, D1S507, D1S199, D1S2734, D1S1676, D1S247) and 19q13 (D19S918, D19S219, D19S112, D19S412, D19S596, D19S206). 29 Normal deoxyribonucleic acid (DNA) was extracted from blood samples of patients with oligodendroglial tumors by using QIAamp DNA Blood Mini Kit (Qiagen, Valencia, Calif) or from paraffin-embedded normal brain tissue. Tumor DNA was extracted from paraffin blocks. The tumor cell content was checked by light microscopic investigation of hematoxylin-eosin-stained sections before DNA extraction and found to reach at least 60% in each case.
Image Analysis
MR imaging findings for patients with oligodendroglial tumors were recorded by the observers. Contrast enhancement on postcontrast T1-weighted images was reported as none, moderate, or extensive. As previously described, regions of interest of the complete tumor were drawn in each section according to the combined overlay/underlay information. 26, 30 Areas of necrosis, cysts, or nontumor macrovessels evident on the postcontrast T1-weighted images were not included. Even though gliomas are infiltrating tumors with indistinct borders beyond the radiographic margins, 11 signal-intensity hyperintensity, thought to represent tumor tissue and edema on T2-weighted images, was used to define the outmost tumor margin. Areas of contrast enhancement on postcontrast T1-weighted images were always included. Using a histogram-based grading method previously shown to grade astrocytic and oligodendroglial tumors successfully, 19 we generated histograms for each subject by using the rCBV values from the complete tumor regions of interest. The range of the rCBV values along the x-axis was kept constant (values, 0 -20), and the area under each histogram curve was normalized to 1. Glioma malignancy was assessed by measuring the maximal normalized peak height of the distribution. The histograms were divided into 108 bins, a number previously shown to give the best diagnostic accuracy. 19 Also, to compare our results with the literature, we derived rCBV max values for each patient by using a previously published hot-spot method.
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Statistical Analysis
Mean histogram peak heights with SEs were recorded for all HGGs, all
LGGs, all high-grade oligodendroglial tumors, all low-grade oligodendroglial subtypes, and all low-grade diffuse astrocytomas. The correlation between LOH-status and classic histopathologic features in oligodendroglial tumors was assessed by using the Spearman rank correlation (R s ). Exact Mann-Whitney U tests with a significance level of P ϭ .05 were used to assess whether the histogram method could differentiate between 1) HGGs and LGG, and 2) low-grade oligodendroglial LOH status. To compare our results with the literature values, 15, 16 we performed the same analysis by using rCBV max values.
The peak histogram height and rCBV max value for each patient were average values across the 4 observers. The interobserver agreement between observers was assessed by using a single-measure intraclass correlation coefficient (ICC) parameter. The ICC values ranged from 0 to 1, with an ICC value of 1 suggesting perfect agreement. In addition, the difference between oligodendroglial tumor grades and oligodendroglial tumors with or without classic histopathology was assessed for the histogram method.
In terms of identifying patients with oligodendroglial subtypes among all 54 patients, binary logistic regression and receiver operating characteristic analysis (ROC) curves were used to assess sensitivity, specificity, and area (A z ) under the ROC curve. For the logistic regression, gliomas classified as a specific oligodendroglial subtype by both observer data and histology were considered as true-positive findings. Statistical analysis was performed by using the Statistical Package for the Social Sciences 13 (SPSS, Chicago, Ill).
Results
Of the 52 patients investigated, 23 received a histologic diagnosis of a LGG (WHO grade I-II) and 29 received a diagnosis of a HGG (WHO grade III-IV). Of the LGGs, there were 8 grade II diffuse astrocytomas, 5 grade II oligodendrogliomas, and 10 grade II oligoastrocytomas. Of the HGGs, there were 2 grade III anaplastic astrocytomas, 3 grade III anaplastic oligodendrogliomas, 4 grade III anaplastic oligoastrocytomas, and 20 grade IV glioblastomas. Of the 22 patients with oligodendroglial tumors, 6 patients received the histopathologic diagnosis after a biopsy instead of a complete resection (Table) .
Molecular Genetics
LOH on 1p/19q was seen in 60% (9/15) of the low-grade oligodendroglial tumors and in 29% (2/7) of the high-grade oligodendroglial tumors (Table) . Of the oligodendroglial subtypes, LOH on 1p/19q was seen in 5/5 grade II oligodendrogliomas, 4/10 grade II oligoastrocytomas, 2/3 grade III anaplastic oligodendrogliomas, and 0/4 grade III anaplastic oligoastrocytomas. Classic histopathology was seen in 8 of 11 oligodendroglial tumors with LOH on 1p/19q (Table) . No oligodendroglial tumors without LOH on 1p/19q had classic histopathology. The correlation between classic histopathologic features and LOH on 1p/19q was significant (R s ϭ 0.756, P ϭ .01).
Glioma Grading from Perfusion MR Imaging Maps
The histogram method was able to differentiate HGGs from LGGs (P Ͻ .001), high-grade from low-grade oligodendroglial tumors (P ϭ .004), and identify low-grade oligodendroglial LOH status (P ϭ .009). The corresponding ICC values were 0.902, 0.918, and 0.801, respectively. Figure 1 shows conventional MR images with coregistered rCBV maps of low-grade oligoastrocytomas with and without LOH on 1p/19q. The resulting histograms from the 2 low-grade oligoastrocytomas are shown in Fig 2. A plot of the mean histogram peak heights with SEs for the different glioma types investigated is shown in Fig 3. A scatterplot of the 52 histogram peak heights is shown in Fig 4. The hot-spot method was able to differentiate between HGGs and LGGs (P Ͻ .001) and high-grade and low-grade oligodendroglial tumors (P Ͻ .001) but was unable to differentiate between low-grade oligodendroglial LOH status (P ϭ .195). The corresponding ICC values were 0.670, 0.774, and 0.283, respectively.
For the histogram method, there was no significant difference between high-grade oligodendroglial subtypes (P ϭ .439) or between low-grade oligodendroglial tumors with and without classic histopathology (P ϭ .194). Regardless of LOH status, there was no significant difference between low-grade oligodendroglial Fig 1A-C) , indicates a more homogeneous rCBV distribution than the rCBV distribution of a low-grade oligoastrocytoma with LOH on 1p/19q, shown in a solid line (subject 7, Fig 1D-F) . tumors and low-grade diffuse astrocytomas (without LOH on 1p/19q, P ϭ .121; with LOH on 1p/19q, P ϭ .290).
Using histology as a reference, logistic regression showed that the histogram method was unable to differentiate the 9 patients with low-grade oligodendroglial tumors with LOH on 1p/19q from the other 43 patients. However, using a cutoff value of 0.107 to distinguish the 6 patients with low-grade oligodendroglial tumors without LOH on 1p/19q from the 46 other patients (Fig 5) resulted in a sensitivity value of 100% (6/6 patients) and a specificity value of 91% (42/46 patients). 
Discussion
Low-grade oligodendroglial tumors are reported having higher vascularity and higher metabolic activity than lowgrade diffuse astrocytomas, showing foci of high rCBV max values irrespective of tumor grade.
3,7 Consequently, with current methods, glioma grading from MR imaging-derived rCBV maps is difficult when oligodendroglial tumors are present. A recent study suggested that the higher rCBV max values of lowgrade oligodendrogliomas might be related to 1p/19q status, showing that oligodendroglial tumors with LOH on 1p/19q had significantly higher rCBV max values than oligodendroglial tumors without LOH on 1p/19q. 15 However, the study reported no significant difference between high-and low-grade oligodendroglial tumors. A reason for this might be that 26% (22/86) of the patients in that study had recurrent tumors and received radiotherapy before the MR imaging examination. Radiation necrosis is known to reduce rCBV max values, whereas tumor recurrence might result in higher rCBV max values. 3 Another study reported higher rCBV max values in astrocytic and oligodendroglial tumors with LOH on 1p only, compared with tumors without LOH on 1p. 16 However, on the basis of the rCBV max values presented in that study, there was no significant difference between HGGs and LGGs.
In agreement with previously published data, a significant difference between HGGs and LGGs was observed in our study when using the hot-spot method. 5, 6, 27 However, there was no significant difference between low-grade oligodendroglial tumors with and without LOH on 1p/19q. This result might be explained by the low interobserver agreement among the 4 observers, which may limit the utility of the hot-spot method. The incongruent results obtained with the hot-spot method suggest that the sensitivity of the method is dependent LGGs (ϩ) (P Ͻ .001), with an ICC of 0.902.
Fig 5.
Histogram peak heights for the 52 patients investigated in our study (23 LGGs and 29 HGGs). Each histogram peak height is a mean value across the 4 observers. With a cutoff value of 0.107, the sensitivity and specificity when distinguishing the 6 patients with low-grade oligodendroglial tumors without LOH on 1p/19q (red bars) from the other 46 patients (blue bars) are 100% (6/6) and 91% (42/46), respectively. on the size and composition of the patient population. Our results were obtained in a patient population with LOH on 1p/19q in 60% of the low-grade oligodendroglial tumors. 12, 15 Contrary to the result of the hot-spot method obtained in our study and in the literature, 15, 16 the histogram method was able to differentiate between HGGs and LGGs and low-grade oligodendroglial LOH status. Because a histogram method assesses the heterogeneity of the glioma rCBV distribution, 19, 20 our results suggest that the rCBV distribution in low-grade oligodendrogliomas with LOH on 1p/19q is more heterogeneous than that in low-grade oligodendrogliomas without LOH on 1p/19q.
There was a significant correlation between classic oligodendroglial histology and the presence of LOH on 1p/19q. Although classic histopathology was only observed in oligodendroglial tumors with LOH on 1p/19q, a significant difference between the histogram peak heights of the low-grade oligodendrogliomas with and without classic histopathology was not observed. Because the decision as to whether an oligodendroglial tumor had classic histology was reached by 2 neuropathologists in consensus, it is unlikely that a subjective misclassification bias is the reason for this result. Here, "classic histology" was defined as the presence of tumor cells with round nuclei and perinuclear halo in Ͼ50% of the tumor area. 12, 14 However, lack of statistical power might explain this discrepancy because the result was based on 15 low-grade oligodendroglial tumors only. Although the correlation between LOH status and the presence of attenuated branching capillaries resembling a chicken wire pattern is reported in the literature, 12 it was not investigated in our study. Thus, a quantitative measure of the capillary attenuation in each tumor is warranted.
Previous studies using the hot-spot method showed significantly higher rCBV max values in low-grade oligodendrogliomas than in low-grade diffuse astrocytomas. 7, 10 Consequently, differentiation between HGGs and LGGs is difficult when oligodendroglial tumors are included. 3, 7 In our study, no significant difference between low-grade oligodendroglial tumors and low-grade diffuse astrocytomas was observed when using the histogram method. Hence, when grading a glioma as either HGG or LGG, the absence of a difference between grade II glioma subtypes is attractive, because a glioma grading method aiming at optimal differentiation between HGG and LGG should have minimal variations within each grade. Further, no significant difference between high-grade oligodendroglial subtypes was observed. This might be explained by the low number of high-grade oligodendroglial tumors with LOH on 1p/19q (n ϭ 2) in our study or by the inherent heterogeneous vascularity of HGGs. 19 The histogram method was unable to distinguish all 9 patients with oligodendroglial tumors with LOH on 1p/19q from the other 43 patients. This finding is a result of the large variation in rCBV values in this patient group relative to the observed overall difference in rCBV values between glioma grades. However, the diagnostic accuracy in terms of identifying low-grade oligodendroglial tumors without LOH on 1p/ 19q was high. Although high diagnostic accuracy is a critical criterion for any diagnostic test, 31 it is difficult to establish the degree of diagnostic accuracy required by a method to have a therapeutic impact. Our results suggest that tumors that exhibit the highest histogram peak heights in a population of patients with astrocytic and oligodendroglial tumors have a high probability of being low-grade oligodendroglial tumors without LOH on 1p/19q.
Although a cutoff value was proposed in our study, the use of specific cutoff threshold values for identification of glioma grades and low-grade oligodendroglial subtypes is difficult. Confounding factors such as choice of contrast agent, dosage, imaging sequence and parameters, vendors, and postprocessing routines introduce variations that inherently reduce the transferability of these thresholds. However, if a PCR test for LOH status is difficult to obtain, MR perfusion imaging can aid in the diagnosis of LOH status after a histologic diagnosis of a low-grade oligodendroglial tumor has been made. Qualitatively, in combination with conventional MR imaging features, 15, 23 low-grade oligodendroglial tumors without LOH on 1p/19q can be identified as homogeneous tumors with low rCBV values compared with unaffected white matter. Still, as confirmed by other studies, 15 low-grade oligodendroglial tumors without LOH on 1p/19q can also exhibit higher rCBV values equivalent to other LGGs.
In the current study, we assessed only the peak height of the normalized histogram distribution. As long as the histograms are normalized, the relative peak height is a direct measure of the heterogeneity of the rCBV distribution. 19 Although alternative measures of histogram characteristics have recently been reported, 20 the reported diagnostic accuracies with these methods were inferior to the peakheight approach used in our study. A comparison of all the different histogram metrics is still warranted and should be investigated in future studies.
Six patients received their histopathologic diagnosis after biopsy, which might be prone to the sampling error of not including the most representative part of the tumor. However, at our institution, the biopsy site is based on information from both contrast enhancement and foci of high rCBV values. It has been reported that this approach may offer a more accurate way of choosing a biopsy site. 3 Also, only oligodendroglial tumors were tested for LOH status. LOH on 1p/19q has also been demonstrated in astrocytic tumors 16 and thus constitutes a potential source of error. This may explain why some low-grade diffuse astrocytomas showed higher rCBV max values than low-grade oligodendroglial tumors. However, the incidence of LOH on 1p/19q in astrocytomas is reported to be rare compared with oligodendroglial tumors. 17, 18 Also, a high incidence of LOH on 1p/19q in astrocytomas with corresponding high rCBV max values would be inconsistent with the findings of previous studies. 7, 10 Further, a recent study reported lower rCBV max values in patients with LOH on 1p only, compared with LOH on 1p/19q combined. 16 In our study, only patients with combined loss were investigated. The correlation between results from MR perfusion imaging, measurements on capillary attenuation, and LOH status in gliomas is currently being further investigated by our group.
Conclusion
Our results suggest that histogram analysis of MR imagingderived rCBV maps can differentiate HGGs from LGGs as well as low-grade oligodendroglial subtypes with high interob-server agreement. Also, the method was able to identify lowgrade oligodendroglial tumors without LOH on 1p/19q in a population of patients with astrocytic and oligodendroglial tumors.
